Hexadecadien-1-ol and the derivatives (acetate and aldehyde) with a conjugated diene system have recently been identiˆed from a pheromone gland extract of the persimmon fruit moth ( Stathmopoda masinissa), a pest insect of persimmon fruits distributed in East Asia. The alcohol and acetate showed their base peaks at m W z 79 in a GC-MS analysis by electron impact ionization, but the aldehyde produced a unique base peak at m W z 84, suggesting a 4,6-diene structure. To conˆrm this inference, four geometrical isomers of each 4,6-hexadecadienyl compound were synthesized by two diŠerent routes in which one of two double bonds was furnished in a highly stereoselective manner. Separation of the two isomers synthesized together by each route was facilely accomplished by preparative HPLC. Their mass spectra coincided well with those of natural components, indicating that they were available for use as authentic standards for determining the conˆguration of the natural pheromone. Furthermore, other hexadecadienyl compounds, including the conjugated diene system between the 3-and 10-positions, were synthesized to accumulate the spectral data of pheromone candidates. 5,7-Hexadecadienal interestingly showed the base peak at m W z 80; meanwhile, the base peaks of its alcohol and acetate were detected at m W z 79 like the corresponding 4,6-dienes. The base peaks of all 6,8-, 7,9-, and 8,10-dienes universally appeared at m W z 67 like 9,11-, 10,12-, and 13,15-dienes, the spectra of which have already been published. Although 3,5-hexadecadienal was not prepared, base peaks at m W z 67 and 79 were recorded for the alcohol and acetate, respectively.
The persimmon fruit moth, Stathmopoda masinissa Meyrick (Lepidoptera; Oecophoridae), is a pest insect of persimmon fruits distributed in East Asia.
This species has two generations a year and causes serious damage from infestation by the larvae causing the fall of immature fruit. It is not easy to monitor the population to predict the best time for pesticide spraying because the adults are not su‹ciently attracted by a light trap. If the synthetic pheromone of S. masinissa is available, it will serve as a monitoring tool and be further utilized to decrease the population density directly by disrupting sexual communication instead of by killing with insecticides. New programs of integrated pest management for S. masinissa led us to search for the chemical structure of the natural pheromone. We have recently identiˆed hexadecadien-1-ol and its two derivatives, acetate and aldehyde, from a pheromone gland extract of virgin females by using gas chromatography combined with mass spectrometry (GC-MS). Comparing with some authentic dienyl compounds, the chromatographic behavior of the three hexadecadienyl components indicated the conjugation of two double bonds. 1) Their exact positions, however, have not been experimentally conˆrmed because the content of the natural components was too low to be applied to chemical reactions such as ozonolysis.
Lepidopteran sex pheromones have been identiˆed in more than 500 species.
2) Among them, compounds with a conjugated diene system in a C10-C18 straight chain are one of the most important groups. A series of these conjugated dienes has been analyzed by GC-MS, and some characteristic fragment ions, which are informative for estimating the double-bond positions, have been observed in their spectra as measured by electron impact ionization (EI).
3) However, none of the spectra reported for the hexadecadienyl compounds, including the diene structure between the 9-position and the terminal methyl group, coincided with those of the pheromone components of S. masinissa. In particular, the m W z values of their base peaks were diŠerent. As shown in Table 1 , the base peaks of the synthetic dienes were detected at m W z 67, 81, or 95, and the three functional derivatives with the diene structure at the same position showed the base peaks at the same m W z value. The base peaks of the natural components are diŠerent from those of the synthetic dienes, indicating that the conjugated diene system of the S. masinissa pheromone is located at the 8,10-position or at a position lower than that. 1) Furthermore, the base peak of the natural hexadecadienal (m W z 84), which diŠers from those of the other two components (m W z 79), suggests the possibility of a 4,6-diene structure for the aldehyde component. 4,6-Hexadecadienal can be expected to produce a stable fragment ion with a 2,3-dihydropyranyl structure (C5H8O ＋ , m W z 84) by cyclization after cleavage of the C-C bond between the 5-and 6-positions (Fig. 1A) .
Sex pheromones with the 4,6-diene structure have not been identiˆed from lepidopteran insects and their spectral data have not been reported to the best of our knowledge.
2) Another aldehyde with a 5,7-diene structure can be expected to predominantly produce a homologous fragment ion (C6H10O ＋ ) at m W z 98 (Fig. 1B) . While we have not found spectral data for 5,7-hexadecadienal, the EI-mass spectrum of 5,7-dodecadienal has been published. 4) An abundant ion was actually detected at m W z 98, supporting the fragmentation speculated in Fig. 1 . We therefore decided to synthesize every geometrical isomer of 4,6-hexadecadienyl compounds in order to resolve the unknown conˆguration of the S. masinissa pheromone. We are also interested in the mass spectra of other positional isomers, not only to examine the validity of the foregoing fragmentation pathway, but also to support future research concerning a dienyl pheromone. This paper deals with the synthesis and characterization of a series of hexadecadienyl compounds with a conjugated diene system on the side of the terminal functional group.
Materials and Methods

Instruments.
1 H-and 13 C-NMR spectra were recorded by a Jeol Alpha 500 Fourier transform spectrometer at 500.2 and 125.7 MHz, respectively, for CDCl3 solutions containing TMS as an internal standard.
1 H-1 H-COSY and HSQC spectra were measured with the same spectrometer, using the usual pulse sequences and parameters. GC-MS was conducted in the EI mode with an HP 5973 mass spectrometer equipped with a DB-23 capillary column (0.25 mm ID×30 m, J & W Scientiˆc). The column temperature program was 509 C for 2 min and 109 C W min to 2209 C. The ionization voltage was 70 eV. High-resolution (HR) mass spectra were measured by a Jeol JMS-700 mass spectrometer, using the same GC column and conditions as those for the measurements by the foregoing quadrupole machine. HPLC involved a Jasco PU-980 liquid chromatograph equipped with an integrator (System Instrument Chromatocorder 21J), a UV spectrometric detector (Jasco UV-970) operated at 240 nm, and an ODS column (Grand Pack ODS, 2.0 cm ID×25 cm; Senshukagaku, Tokyo, Japan). As the solvent, 10z H2O in methanol was used at a ‰ow rate of 4.5 ml W min. Synthesis of (4E,6Z )-and (4E,6E )-4,6-hexadecadienyl compounds (Scheme 1). After one hydroxyl group of 1,4-butanediol 1 had been protected as a tetrahydropyranyl (THP) ether, another hydroxyl group was oxidized with pyridinium chlorochromate (PCC) in CH2Cl2 to produce aldehyde 2, which was converted into ( E )-2-alkenal 3 in three steps: a coupling reaction with methoxycarbonylmethylenetriphenylphosphorane, reduction with LiAl(OC 2 H 5 ) 2 H 2 , and oxidation with PCC. In dry THF, 3 was coupled with a phosphorane derived from n-decyltriphenylphosphonium bromide, using n-butyl lithium as a base, to obtain a mixture of THP ethers of E4,Z6-16:OH and E4,E6-16:OH in a ratio of ca. Synthesis of (4Z,6Z )-and (4Z,6E )-4,6-hexadecadienyl compounds (Scheme 2). After THP protection of the hydroxyl group, 3-chloro-1-propanol 4 was converted into acetylene compound 5 via a coupling reaction with a lithium acetylideethylenediamine complex in DMSO. Formylation of the lithium acetylide of 5 gave 2-alkynal 6, which was coupled with n-decylidenetriphenylphosphorane in THF to synthesize enyne compound 7 with a C16 straight chain. Highly selective and speciˆc conversion of the triple bond was accomplished by hydroboration with dicyclohexylborane and successive protonolysis, and a mixture of THP ethers of Z4,Z6-16:OH and Z4,E6-16:OH in a ratio of ca. Synthesis of 3,5-, 5,7-, 6,8-, 7,9-, and 8,10-hexadecadienyl compounds. According to a procedure similar to that shown \ in Scheme 1, each positional isomer of the 4,6-hexadecadienyl compounds was synthesized by changing the carbon chain length of the starting diol and that of the alkyl halides for phosphoranes used in the Wittig reaction as follows: 
Results
Synthesis
Four geometrical isomers of 4,6-hexadecadien-1-ol and their functional derivatives, acetate and aldehyde, were synthesized by two routes, modifying the previous methods for dodecadienyl compounds with a conjugated diene system, 5) in which one of two double bonds was furnished in a highly stereoselective manner and the other by a Wittig reaction rather nonspeciˆcally. Namely, in the route for Scheme 1 for the (4E,6Z )-and (4E,6E )-isomers, the E conˆgu-ration at the 4-position was derived from stable (E )-2-alkenal 3. In the route for Scheme 2 for the (4Z,6Z )-and (4Z,6E )-isomers, the Z conˆguration at the 4-position was strictly established by hydroboration of the triple bond in enyne compound 7. By a Wittig reaction to form the double bond at the 6-positon, the Z conˆguration was more facilely formed than the E conˆguration. Separation of the two geometrical isomers was accomplished by preparative HPLC with an ODS column as shown in Fig. 2 . The tRs of the (4E,6Z )-and (4Z,6E )-isomers were almost the same, but the chromatographic behavior of the two isomers prepared by each route was quite diŠerent. By the route similar to that in Scheme 1, the 3,5-, 5,7-, 6,8-, 7,9-, and 8,10-hexadecadienyl compounds were synthesized, and two geometrical isomers were also separated by the ODS column. The chemical structure of each isomer was conˆrmed by 1 H-NMR data, these being analyzed by the 1 H-1 H-COSY spectrum. 
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C-NMR analysis of hexadecadienyl compounds
The signals of four oleˆnic protons in the conjugate diene system were separately recorded with the NMR measurements of E4,Z6-16:OH and Z4,E6-16:OH. Therefore, their corresponding oleˆnic carbon signals were unambiguously assigned by the HSQC spectra. For E4,E6-16:OH and Z4,Z6-16:OH, however, the 13 C assignments could not be established even by 2D NMR experiments because the signals of H 4 and H 7 overlapped each other and those of H 5 and H 6 also overlapped. Therefore, the oleˆnic carbon signals were assigned by utilizing an empirical rule proposed for unbranched conjugated dienes; 5, 6) i.e., when an E conˆguration of the , and C d shift upˆeld by ca. 5, 2.5, 2, and 5 ppm, respectively, and the signal of C e shifts downˆeld by ca. 2 ppm. Table 2 shows, in addition to the signal assignments for the four isomers, diŠerences in the chemical shifts ( Dd ) between the two geometrical isomers, these being obtained by subtracting the values of Z4,Z6-16:OH from those of E4,Z6-16:OH and by subtracting the values of Z4,E6-16:OH from those of E4,E6-16:OH.
This table also lists the 13 C assignments proposed for six positional isomers of the hexadecadienyl acetates with an E, Z conˆguration. The spectra of the 3,5-, 4,6-, and 5,7-dienes are distinguishable by considering an aŠect of the diŠerent distances between the acetoxyl group and the diene system, while the spectra of the 6,8-, 7,9-, and 8,10-dienes resemble each other. The acetoxyl group of the latter three dienes is located far from the conjugated system.
Mass spectra of hexadecadienyl compounds
Four geometrical isomers of the 4,6-hexadecadienyl compounds show almost the same mass spectra, these being similar to those of the natural pheromone components of S. masinissa.
1) The base peak of the synthetic aldehyde was detected at m W z 84, as expected by the fragmentation indicated in Fig. 1A , and the acetate and alcohol produced their base peaks at m W z 79, the same value as that for the natural components. Table 3 shows GC-MS data for the ( E, Z )-isomers of the hexadecadienyl compounds synthesized in this experiment, spectra for theˆve hexadecadienals being shown in Fig. 3 . Although 3,5-hexadecadienal was not synthesized, the base peaks of the alcohol and acetate derivatives were observed at m W z 67 and 79, respectively. 5,7-Hexadecadienal shows an interesting spectrum with the base peak at m W z 80, while the alcohol and acetate produced the base peak at m W z 79. The base peaks of the 6,8-, 7,9-, and 8,10-dienes were universally detected at m W z 67, as was true for the 9,11-, 10,12-, and 13,15-dienes (Table 1) . 3) As a homologue of the ion at m W z 84 of 4,6-hexadecadienal, 5,7-hexadecadienal produced an abundant ion at m W z 98 (Fig. 1B) . Another fragment ion at m W z 112, further enlarged by 14 mass units, was characteristically detected in the spectrum of 6,8-hexadecadienal. Analysis by an HR-MS instrument conrmed the formulae of these ions as follows: C5H8O, obs. m W z 84.0517 (calc. 84.0575); C6H10O, obs. m W z The ion at m W z 98 also appeared in the spectrum of 7,9-hexadecadienal with a slightly stronger intensity than that of the 5,7-diene. These ions, shown in Fig. 1 modiˆed by extra dehydrogenation, might have been produced along a similar pathway. 5,7-Hexadecadienal produced another characteristic fragment ion at m W z 192 (M-44) as the corresponding ion to 5,7-dodecadienal at m W z 136, 4) indicating the diagnostic ion at m W z M-44 for 5,7-dienals. The abundance of the ions at m W z 193 of 6,8-hexadecadienal and at m W z 137 of 6,8-dodecadienal 4) indicates that the ion at m W z M-43 is diagnostic for 6,8-dienals. These fragment ions are helpful leads for nding the double-bond positions of alkdienals. On the other hand, hexadecadien-1-ols and their acetates lack such a diagnostic ion. Mass spectra of the 4,6-dienes resemble those of the 5,7-dienes, and spectra of the 6,8-dienes resemble those of the 7,9-and 8,10-dienes.
Discussion
Mass spectra of the synthetic dienes conˆrmed that the natural pheromone components produced by S. masinissa were 4,6-hexadecadienyl compounds. Among the four geometrical isomers, the (4E,6Z )-isomers showed the same chromatographic behavior as the natural components did in two kinds of capillary GC columns, indicating that the female sex pheromone consisted of E4,Z6-16:OH, E4,Z6-16:OAc, and E4,Z6-16:Ald. The results of electrophysiological experiments support this conclusion. Antennae of the male moths more strongly responded to these compounds than to the other geometrical isomers. The synthetic compounds induced mating behavior of the males in a laboratory bioassay, and furthermore, a preliminaryˆeld test interestingly revealed that a lure baited only with E4,Z6-16:OAc could attract the males. We will report these results in detail in another paper.
1) It should be emphasized here that successful determination of the S. masinissa pheromone is attributable to the new synthetic standards under an experimental situation conducted with a limited amount of the female extract.
In order to determine the double-bond positions, a GC-MS analysis used to be carried out on the compound(s) derived by a chemical reaction of the pheromone component, such as aldehydes by ozonolysis and an adduct of dimethyl disulˆde for a monoene compound. 7) For a conjugated diene, conversion with 4-methyl-1,2,4-triazoline-3,5-dione has been proposed. 8) The Diels-Alder cyclo-addition product between a diene and dienophile shows fragment ions re‰ecting the double-bond positions of the parent diene. However, when the pheromone content of the females is very low or a rearing method for the insect has not been established, it is di‹cult to supply a su‹cient amount of the natural pheromone for the reaction. In this case, it is preferable to presume the structure by a GC-MS analysis without any chemical reactions, and we have found that each compound, including a conjugated diene system near the terminal methyl group, produced diagnostic ions unrelated to the functional group at the opposite site in a C12-C16 chain.
3) Additionally, this study has revealed that the positional isomers of C 16 aldehydes, including the diene structure near the formyl group, show some characteristic fragment ions such as at m W z 84 and 98, although C16 alcohols and the acetate derivatives, including the diene structure near the functional group, did not present any diagnostic fragment ions. Hexadecadienals are long-chain compounds, and there are many positional isomers. It is not easy to distinguish the mass spectra of the 8,10-and 9,11-hexadecadienals, the diene structure of which is located around the center of the C16 chain, but other positional isomers can be identiˆed by their distinct spectra.
The HR-MS analysis conˆrmed the fragment formulae of the ions at m W z 84 (C5H8O) derived from 4,6-hexadecadienal and at m W z 98 (C6H10O) derived from 5,7-hexadecadienal. These ions include an oxygen atom and might be made by the fragmentation occurring at the side of the functional group as shown in Fig. 1 . Therefore, it is expected that these fragment ions are also abundantly produced from 4,6-and 5,7-dienes with another chain length. In addition to the conjugated dienes, we measured the mass spectra of some monounsaturated compounds and observed the base peaks at m W z 84 and 98 for 4-hexadecenal and 5-hexadecenal, respectively. Abundant ions at m W z 84 and 98 have been also recorded for 4-dodecenal and 5-dodecenal, respectively, among a series of positional isomers of C12 aldehydes. 9) These ions are characteristic of the aldehydes and not of the alcohol and acetate derivatives. In this study, mass spectra were measured by EI at 70 eV, and the positional isomers showed diŠerent spectra. This result suggests that migration of the double bond did not occur easily after this rather drastic ionization. It is important in future work to determine how strong instrumental conditions in‰uence the intensity of the diagnostic ions. While 4,6,10-and 4,6,11-hexadecatrienyl compounds have been identiˆed from female moths as pheromone components, 10,11) the 4,6-hexadecadienyl compounds are new pheromone components. Many conjugated dienes have been identiˆed as lepidopteran sex pheromones, and their double bonds are usually located on one side of the terminal methyl group.
2) The chemical structure of the S. masinissa pheromone, however, suggests the possibility of more pheromone compounds with a conjugated diene system near the functional group. The EI mass spectra reported in this study are informative for future pheromone research.
